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Abstract

Coal Oil Point (COP) is a natural oil seep off the coast of Santa Barbara, California.
Although most studies examining the fate and effects of petroleum have focused upon urban-
ized or anthropogenic sources of inputs, few have examined the effects of polyaromatic hydro-
carbons (PAHs) derived from natural seeps. In order to evaluate the effects of PAHs derived
from COP on marine fish populations, hatchery-reared California Halibut (Platichthys califor-
nicus) were exposed for 30 days to seven dilutions of sediments collected from COP. Hepatic
cytochrome P450 1A (CYP1A), biliary fluorescent aromatic compounds (FACs), gonadal
somatic indices, and plasma steroid concentrations. Sixteen USEPA priority PAHs were
targeted for analysis in each sediment dilution. In general, biochemical responses were some-
what recalcitrant to dose-response relationships and were less sensitive than the literature
values established for the same indicators following exposure to urbanized PAHs. Trends
toward reductions in plasma 17-estradiol concentrations were observed, but reductions in
gonadal somatic indices were not observed. FAC values for naphthalene, benzo(a)pyrene,

* Corresponding author. Tel.: +1 951 827 2018; fax: +1 951 827 3993.
E-mail address: daniel.schlenk@ucr.edu (D. Schlenk).

0141-1136/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.marenvres.2005.01.004


mailto: daniel.schlenk@ucr.edu
mailto: daniel.schlenk@ucr.edu

C. Seruto et al. | Marine Environmental Research 60 (2005) 454-465 455

phenanthrene-related compounds reached maximums at 33—-100% COP sediment. The result-
ing insensitivity may be unique for exposure to “natural” petroleum due to a higher concentra-
tion of lower molecular weight PAHs or uncharacterized inhibitors.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Input of polyaromatic hydrocarbons (PAHs) into the marine environment contin-
ues to increase (Brown et al., 1998; Law, 2000). Although anthropogenic sources are
thought to dominate environmental input, natural oil seeps can also contribute a sig-
nificant amount to local environments (Blumer & Sass, 1972; Reed, Kaplan, Sand-
strom, & Mankiewicz, 1977; Wijayaratne & Means, 1984). Seepage from the natural
oil seep near Coal Oil Point (COP), off the coast of Goleta/Santa Barbara, California
has been estimated to have been occurring for thousands of years at 95,000-19,0001/
day of petroleum (Allen, Schlueter, & Mikoloj, 1970; Simoneit & Kaplan, 1980). In
contrast to urbanized PAHs, low molecular weight hydrocarbons tend to be the pri-
mary constituents of the seep material (Spies, Davis, & Stuerner, 1980).

Indicators of PAH bioavailability in several studies around the world in various
fish species include a variety of biochemical, histological and physiological endpoints
(Aas, Baussant, Balk, Liewenborg, & Andersen, 2000; Arinc & Sen, 1999; Kirby et al.,
1999; Miller et al., 1999; Monteiro et al., 2000; Petersen & Kristensen, 1998; Teles
et al., 2003). These indicators of exposure have been linked to various effects such as
carcinogenicity, hepatic lesions, precocious and inhibited gonadal development,
alterations in egg size and number, inhibited spawning, morphological abnormalities,
and reduced egg and larval viability (Casillas et al., 1991; Collier et al., 1992; Incar-
dona, Collier, & Scholz, 2004; Johnson, Casillas, Collier, McCain, & Varanasi, 1988,
1993, 1997, 1999). However, most of these studies evaluated urbanized multi-ring
PAHs resulting from anthropogenic inputs.

Previous studies in feral fish collected from the COP area demonstrated enhanced
hepatic cytochrome P4501A (CYP1A) expression and biliary fluorescent aromatic
compounds (FACs), indicative of PAH bioavailability (Roy et al., 2003; Spies et al.,
1996). Seven day exposure studies by Roy et al. (2003) examining biochemical
responses in naive Hornyhead Turbot (Pleuronichthys verticalis) exposed to COP
sediments indicated enhanced CYPIA and FAC concentrations, but at sediment
PAH concentrations significantly higher than sediment thresholds suggested in
urbanized areas (Collier et al., 2002). In contrast, serum estradiol concentrations were
significantly reduced following sediment-only exposures at the lowest PAH dilution
which was =12 ug/g of 16 PAHs listed as USEPA priority pollutants (Roy et al.,
2003).

To determine the potential effects of diminished steroid concentrations on higher
level responses in flatfish, cultured male California Halibut (Paralichthys californicus)
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were exposed to 7 concentrations of COP sediments for 30 days. Gonadal somatic
indices, plasma steroid concentrations, hepatic CYP1A and biliary FACs were mea-
sured to determine whether relationships existed between biochemical and physiolog-
ical endpoints. California Halibut are benthic flatfish which inhabit estuaries and
nearshore coastal areas as larvae and juveniles, then increase in spatial distribution
offshore with increasing age. California Halibut are also an economically important
species, being on average the 6th most valuable vertebrate catch off the California
coast. Revenue for 2002 was $2,800,000 for California Halibut, with an average
increase of about 10% per year for the past three years (http://www.st.amfs.gov/; Per-
sonal communication from the National Marine Fisheries Service, Fisheries Statis-
tics and Economics Division, Silver Spring, MD). Exposures were conducted with the
aim of determining dose response concentrations which may be used in helping to set
sediment thresholds for adverse effects and help in assessing locations undergoing
remediation.

2. Materials and methods
2.1. Exposure system

PAH contaminated sediment was collected from the natural marine oil seep COP
in Goleta (Santa Barbara) (119.53.428 longitude; 34.24.370 latitude), California as
previously described (Roy et al., 2003). Exposure sediments contained 0%, 0.33%,
0.66%, 1%, 33%, 66%, and 100% COP sediments diluted to their respective nominal
concentrations with reference sediment from Orange County, California (118.05.1999
longitude; 33.36.055 latitude). Sediments were extensively homogenized in 41 glass
beakers until all aggregates were no longer visible. Due to consistency restraints, total
organic carbon (TOC) and grain size could not accurately be determined from COP
sediments. The TOC of the reference sediments were 0.42 + 0.004%. The composition
was 73.8% sand; 21.3% silt and 4.9% clay with a median grain size of 3.68 (Roy et al.,
2003). Exposures were conducted at the Sea Laboratory in Redondo Beach, Califor-
nia using filtered ambient seawater (18 +1°C) from inflow pipes from the open
ocean. Aquaria were housed in shaded outdoor areas receiving indirect sunlight in
June of 2003 under natural light:dark conditions.

Sexually mature male California Halibut (56.5+5.0cm; 550452 g) were gener-
ously donated by Hubbs SeaWorld Research Institute (Carlsbad, CA). Fish were
acclimated to the facilities at the Sea Laboratory for over two months in a circular
tank of ~12m?>. Prior to the addition of fish, =21 of sediment were transferred into
401 glass tanks under flow-through conditions and the sediment was allowed to set-
tle. Two fish were placed in each aquarium, with two replicates per exposure. Fish
were fed pellet food daily and exposures were conducted for 30 days.

Following 30 days, fish were transferred to containers having 101 of seawater with
10 g/l of MS 222. Following anesthesia, the fish were weighed and the lengths mea-
sured. Blood samples were collected from the spinal caudal artery with a syringe, and
immediately centrifuged at 750g to separate serum/plasma. Serum/plasma samples
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were placed in separate tubes and frozen on dry ice. Length measurements were
taken from the tip of the lower mouth to the end of the tailbone where the back fin
begins to scale differently than the body scales. Backbones were severed with a knife,
and liver and bile samples were removed, placed in cryogenic tubes, and immediately
placed in dry ice for transport to a —80 freezer.

2.2. Chemical evaluation of PAHs in sediments

Chemical analyses of sediment were carried out as reported in Roy et al. (2003).
Samples were stored at 4 °C until analysis. Sixteen USEPA priority PAHs were mea-
sured as described in EPA method 8100 (USEPA, 1996). Sediment samples were
extracted with hexane using an ultrasonic disruptor (550 Sonic Dismembrator,
Fisher Scientific, Pittsburgh, PA). Cleanup was performed with fully activated silica
gel (8 g), conditioned with hexane, and PAHs were collected from the column with
25ml of methylene chloride/hexane (2:3, v:v) A GC-FID (flame ionization detector)
with a capillary column (DB-5) was used for analysis and quantification. The oven
temperature was 40 °C, ramped to 160 °C with 40 °C/min, and up to 300 °C with 5°C/
min. The recoveries were 30—111% with a SD of 2-15% and MDLs ranging from 11
to 53ng/g sediments. Selected PAHs were only a small representative of the total
PAHs present.

2.3. Biochemical endpoint measurements

2.3.1. Blood steroid analysis

17B-Estradiol (E2) and Testosterone (T) concentrations were analyzed spectro-
photometrically using immunoassay kits from Cayman Chemical Company (Ann
Arbor, MI) following the manufacturers instructions. Approximately 50 ul of serum/
plasma was used for triplicate analyses. Testosterone measurements did not include
11-keto testosterone.

2.3.2. FAC analysis

Gall bladders were thawed on ice, and bile removed. Samples were diluted in 99%
HPLC- grade methanol and fluorescence measured with a Shimadzu fluorescence
detector (RF-10 AXL) at 380/430, 256/380, and 290/335nm excitation/emission for
benzo(a)pyrene (BAP), phenanthrene (PHN) and naphthalene (NAP) like com-
pounds, respectively. Concentrations were calculated using standard curves devel-
oped from PHN, NAP, and BAP standards.

2.3.3. CYPI A analysis

Liver microsomal fractions were obtained by ultracentrifugation as previously
described (Roy et al., 2003). Total protein concentrations for these fractions were
attained by utilizing the Pierce kit BSA standards. CYP1A protein was measured
using 50 pg of protein per sample and conducting western blots. Western blot detec-
tion was carried out using a primary anti-fish CYP1A monoclonal antibody, C10-7
from Biosense Laboratories (Bergen Norway). Proteins were initially separated by
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SDS-PAGE, then transferred overnight to nitrocellulose. The nitrocellulose was
incubated with blocking buffer (0.5g nonfat dried milk in 50 ml phosphate buffer
solution) in a heat-sealed bag for 1 h, then incubated with primary antibody followed
by secondary anti-mouse alkaline phosphatase, each for 1h. The primary and sec-
ondary antibodies were each diluted 1000x in blocking buffer. Four fifteen minute
rinses with PBS were completed in between each incubation. Following colorimetric
detection, band optical densities were quantified using QuantityOne software from
BIORAD (Hercules, CA). Proteins were measured using the Pierce reagent (Pierce
Inc., Rockford, IL).

2.3.4. Statistical analysis

Bartletts’s test of homogeneity was conducted to verify homogeneity of variance.
If data were homogeneous, and treatment groups possessed an N of at least 3, one-
way analysis of variance (ANOVA) was conducted to determine possible differences
between groups. A Bonferonni post hoc test was utilized with p < 0.05 employing
GraphPad Prism 3 software (San Diego, CA).

3. Results

Total concentrations of selected PAHs ranged from 0.171 to 107.6 ng/g (Table 1).
In the 0.66-66% COP sediments, acenapthene was the dominant PAH with an aver-
age concentration of 30 pg/g in the 100% COP treatment. Other PAHs with high rela-
tive concentrations included acenaphthylene as well as fluorene. Other notable
concentrations included fluoranthene with an average concentration of 1.4 ng/g, fol-
lowed by dibenzo(ah)anthracene at 7.2 pg/g, and phenanthrene at 4.4 pug/g in the
100% COP sediment.

Hepatic cytochrome P450 1A (CYP1A) expression was similar to the control val-
ues for the 33% COP sediments, with significant induction at the 66% and 100% COP
sediments (Fig. 1). P-values were 0.05% for the 66% sediment, and 0.01 for the 100%
sediment exposure.

FAC accumulation in bile was variable in the 33%, 66% and 100% PAH sediment
exposures, with a trend towards increasing FACs in the bile at the higher sediment
concentrations (Fig. 2). Values for BAP ranged from 5 to 30 pg/ml, PHE from 33 to
2300 pg/ml, and NAP from 500 to 14,000 pg/ml. The lower concentrations of contam-
inated sediment (0.33%, 0.66%, and 1%) showed a slight trend for increasing FACs
with measured PAHs in the sediment exposures. Regression analyses of FACs with
measured sediment PAHs in each class or replicate/treatment failed to show signifi-
cant correlations (p>0.05). FACs fluorescing at the PHN and NAP wavelengths
were highly correlated, with an ? of 0.97. BAP values were less related to PHN and
NAP, with ? values of 0.72 and 0.71, respectively.

No significant differences in plasma steroid concentrations between treatment
groups and controls were observed (Fig. 3). However, a trend toward reduction of
estradiol levels was observed at the 1% COP treatment. E2 concentrations were



Table 1

Sediment concentrations of selected PAHs and hydrocarbons (png/g) in COP sediments exposed to male California Halibut for 30 days

Percentage of COP sediment

Control I Control2 0.30% 0.30% 0.67% 0.67% 1% 1% 33%  33%  67% 67% 100%  100%
Idene <0.053 <0.053 0.15 0.183 0285 0.067 0.088 0.127 0.76 0.65 0.28 0.2 0.89 0281
Naphthalene <0.027 <0.027 0.056 <0.027  0.065 0.069 <0.027 <0.027 1.25 0.8 0.19 0.2 446 44
Acenaphthylene 0.04 0.089 <0.038 <0.038 <0.038 <0.038 <0.038 0.061 442 6.6 7.93 9.16 2618 247
Acenaphthene 0.04 0.092 0019 0059 1143 0387 1284 1.047 11.8 17.88 6.3 876  36.61 23.15
Perylene <0.028 <0.028 <0.028 <0.028 0.115 0035 0152 0.031 005 ND 0.05 0.02 0.15 033
Indeno(123cd) pyrene  <0.030 <0.030 <0.03 <0.03 <0.030 <0.030 <003 <0.03 223 1.89 228 5.24 076  3.15
Fluorene 0.03 <0.029 0.145  0.17 0.164 <0.029 0111 0.036 29 32 405 7.2 9.08 124
Phenanthrene <0.042 <0.042 0.084  0.11 0.059  0.044  0.099 <0.042 148 2.09 1.69 1.06 464 423
Anthracene <0.048 <0.048 0.08 <0.048 <0.048 <0.048 0.093 <0.048 0.34 0.59 3.1 14 1.74 214
Fluoranthene <0.038 <0.038 <0.038 <0.038 <0.038 0.056 <0.038 <0.038 0.77 1.13 0.8 1.5 2.01 0.78
Pyrene 0.061 <0.048 <0.048  0.112 <0.048 <0.048 0.086 <0.048 025 0.27 0.54 0.4 1.7 1.94
Benzo(a)anthracene <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.073 <0.03  0.56 0.36 0.33 0.3 1.54 1.16
Chrysene <0.032 <0.032 <0.032 <0.032 0.093 <0.032 <0.032 <0.032 0.15 0.21 0.14 398 435
Benzo(ghi)perylene <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 <0.025 0.52 0.24 3 2.8 0.9 0.8
Benzo(b)fluoranthene  <0.028 <0.028 0.043 <0.028 <0.028 0.074 <0.028 <0.028 0.39 0.32 0.26 0.3 0.5 0.9
Benzo(k)fluoranthene  <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022 <0.022
Benzo(e)pyrene <0.043 <0.043 0.192 0227 0.046 0.084 0.131 0.068 0.34 0.36 0.21 0.73 372 335
Benzo(a)pyrene <0.021 <0.021 <0.021 <0.021 <0.021 <0.021 <0.021 <0.021 0.78 0.58 0.79 22 028 045
Dibenz(ah)anthracene <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 035 <0.02 1.88 4.76 23 14 8.35 5.98
Benzo(j)fluoranthene  <0.011 <0.011 <0.011 024 <0.011 <0.011 <0011 <0.011 0.09 0.07 0.11 0.22 0.14  0.06
Total 0.17 0.18 0.77 1.10 1.97 0.82 246 1.37 310 41.8 344 432 107.6 729
Total average 0.18 0.85 1.39 1.92 36.4 38.8 90.2
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Fig. 1. Expression of hepatic CYPIA in California Halibut following 30-day exposure to various dilutions
of COP sediment. Each value represents the mean & SD of 3-4 animals. a =p < 0.05; b =p < 0.01.
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Fig. 2. Biliary FACs in California Halibut following 30-day exposure to various dilutions of COP sedi-
ment. Each value represents the mean &= SD of 1-4 animals. Values without error bars are a single individ-
ual. Clear bar = phenanthrene-like compounds; dark bar=naphthalene-like compounds; hatched
bar = benzo(a)pyrene like compounds.

900

- 0.06

= 800 -

£ 700 L0.05

2 600 1 L0.04

2 500 1

R 4004 L0.03

5 300 L0.02

E il - 0.01

Z 100 4 :
0 ; . . . . : Lo

0 0.3 0.67 1 33 67 100
% COP Sediment

Fig. 3. Plasma steroid and gonadal somatic indices (GSI) in California Halibut following 30-day exposure
to various dilutions of COP sediment. Each value represents the mean +SD of 3-4 animals. Clear
bar = estradiol concentrations (ng/ml); dark bar = GSI; hatched bar = testosterone concentrations (ng/
ml).
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between 501 and 720 pg/ml from the control to the 0.66% COP sediments, and from
the 1 to the 100% COP sediments the values ranged from 225 to 360 pg/ml. T levels
were not significantly different than controls. GSI values did not show any significant
response to treatment.

4. Discussion

Benthic flatfish are included often in sediment contamination studies due to their
continual exposure to sediments during their life histories. Threshold levels of con-
taminant exposure are needed in marine organisms to conduct accurate environmen-
tal risk assessments. California Halibut is an important marine fisheries resource
economically, and they are also exposed to natural PAHs through seeps in the ocean
floor along the California Coast as well as in their nurseries (estuaries). This study
investigated the effects of natural PAH exposure to halibut by conducting lab expo-
sures to several concentrations of natural PAH contaminated sediments from the oil
seep COP in Goleta/Santa Barbara, California.

Attempts were made to measure 16 priority PAHs in the COP sediments and in
treatment dilutions of COP sediments. The concentrations of PAHs of the 3 lowest
dilutions (33%, 67%, and 100% COP) were similar to those found by Roy et al. (2003)
who only evaluated 3 dilutions. The sediments for that study were collected more
than a year prior to the sediments utilized for this study from the same location.
Thus, there appears to be relatively little temporal variability in the concentrations of
the 16 PAHs measured in sediments of the COP seep.

Although fish were exposed to sediments possessing 7 distinct PAH concentrations,
no biochemical or physiological metric demonstrated a classic dose-response relation-
ship. The LOEC of the 16 compounds for enhanced FAC responses was =36.3 ug/g
and the NOEC was 1.9 pg/g. Since only targeted PAHs were measured, it is likely the
NOEC and LOEC values of the total PAHs in the sediments are much greater than our
estimates, and significantly higher than the 1 pg/g thresholds determined by Collier et
al. (2002). Although FACs accumulated in the bile of Halibut following exposure to the
PAH contaminated sediments, the response was not associated with the measured
PAH concentrations with increases only observed at the 33, 67, and 100 COP treat-
ments, which were not significantly different. An 18-fold increase in the sediment PAH
profiles was noted between the 1, 33/67% treatments which corresponded to a 7-200-
fold increase in various FACs. Measured PAH concentrations were =2.75-fold higher
in the 100% COP sediments and FAC concentrations remained unchanged compared
to the 67% animals. A similar effect was noted in previous studies with Hornyhead tur-
bot exposed to 33%, 67%, and 100% COP sediments with a maximum response occur-
ring at 67% without an increase at 100% COP (Roy et al., 2003). FACs have been used
as indicators of PAH exposure in other species of demersal flatfish (Ariese et al., 1993;
Krahn et al.,, 1986). FACs in fish bile accumulate with longer durations of exposure,
with saturation that may or may not be species or location specific (French et al., 1996;
Roy et al, 2003). Biliary FACs and CYPI1A activity have been shown to be casually
related with higher level effects such as neoplasia related liver lesions (Myers et al., 1998,
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2003). Since FACs are highly dependent upon biotransformation and conjugation of
PAHs to biliary metabolites, any alteration of biotransformation may have significant
impacts on FAC formation. Numerous compounds have been shown to be substrates,
inhibitors and/or inducers Phase I and Phase 11 enzymes. Fluoranthene has been shown
to be a relatively strong inhibitor of CYP1A catalyzed oxidation of BaP (Willett, Was-
senberg, Lienesch, Reichert, & Di Giulio, 2001). Alternatively, differences may be due to
multiple routes of exposure (i.e., particle ingestion, skin) within the test chambers which
may have prevented a proportional increase of FACs with measured PAHs. It is worth-
while to note that most previous studies have primarily focused their efforts on evaluat-
ing anthropogenic PAHs, whereas the PAHs in this study are un-urbanized. This
difference in itself may be responsible for the lower than expected CYP induction. Con-
sequently, the occurrence of complex mixtures and uncharacterized PAHs within sedi-
ments which may also act as substrates or alter metabolic processes within fish could
conceivably be responsible for the lack of correlation between sediment PAH concen-
trations, biliary FACs and recalcitrant CYP1A induction.

Induction of CYPIA determined by protein quantification with western blots, was
significant in the 66% and the 100% COP treatments. Several studies have shown
marked increases in CYP1A induction in response to PAH exposure (for review see:
Stegeman & Hahn, 1994). This can typically be measured by optical density analysis of
western blots (as completed in our study), or measurement of the catalytic activity of 7-
ethoxyresorufin O-deethylase (EROD). Western blots carried out by Roy et al. (2003)
in Hornyhead Turbot (Pleuronichthys verticalis) showed similar recalcitrance with
induction only in the 100% COP sediment group compared to the lower sediment expo-
sures, which showed no presence of the protein. A study in Norway analyzing flounder
(Platichthys flesus) and Atlantic cod (Gadus morhua) from various field locations found
significant differences from reference and PAH-impacted areas in EROD as well as
CYP activity (Beyer et al., 1996). The insensitivity of each of these responses in two sep-
arate studies using two separate fish species suggests consistent reduction in the meta-
bolic capabilities due to exposure to COP sediments. Since the chronic toxicity of PAHs
has been suggested to be mediated through bioactivation and metabolic conversion to
reactive intermediates, the lack of response in naive fish would indicate potentially
lower levels of risk. However, other adverse effects, particularly targeting the endocrine
and reproductive systems, may not be mediated through bioactivation. Consequently,
gonadal indices and steroid concentrations were evaluated following treatment.

The gonad-somatic indexes (ratio of gonad weight to total body weight) were not
associated with priority PAH concentrations or dilution treatments. Similarly, plasma
steroid levels were unaltered by treatment, although a trend toward reduced E2 concen-
trations may be apparent. Previous studies in Hornyhead turbot observed significant
reductions in circulating E2 concentrations following 7 days of treatment to 33% COP
sediments (Roy et al.,, 2003). Response differences may be due to species sensitivities as
concentrations of sex steroids in Hornyhead turbot are significantly different from Cal-
ifornia Halibut as well as English Sole (Unpublished). For example, serum E2 concen-
trations were higher than testosterone concentrations in controls as well as treated
animals. Whether this observation is an artifact of the method utilized to measure
steroids (i.e., lack of specificity with regard to the E2 antibody) is unclear as there are no
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published reports of “normal” steroid concentrations in California Halibut in different
developmental stages such as post spawning males. E2 concentrations in female floun-
der (P. flesus) have been shown to decrease with exposure to phenanthrene (Monteiro
et al., 2000), and similar steroid inhibition has been linked to inhibition in vivo of ovar-
ian steroidogenesis in goldfish (Evanson & Van der Kraak, 2001).

In summary, biochemical and physiological metrics evaluated in the current study
failed to demonstrate dose-response relationships preventing the estimation of accurate
sediment thresholds for biomarker responses. With the possible exception of depressed
E2 concentrations at 1% COP sediments, no significant adverse reproductive effects
were noted. Significant induction of CYP1A and a trend toward enhanced biliary FACs
was observed after 30 days of exposure to 67% and 33% COP sediments, respectively. In
comparison to anthropogenic PAH values seen in other studies, halibut had diminished
responses in regard to FAC accumulation in bile. CYP1A induction was also insensitive
with regard to the amounts of PAHs in naturally contaminated sediment from oil seeps.
This may be due to a species specific low induction response, or more likely due to
unique mixtures of compounds which repress or inhibit Phase I or Phase II biotransfor-
mation pathways. Studies are currently underway to explore this possibility.

Acknowledgements

The authors acknowledge the help of Jeff Armstrong of Orange County Sanitation
District and Marc Drawbridge of Hubbs Seaworld for the collection of dilution sedi-
ments and hatchery fish. This research was supported by the Minerals Management
Service, US Department of the Interior, under MMS Agreement No. 14-35-0001-
31063. The views and conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the official policies,
either express or implied, of the US Government.

References

Aas, E., Baussant, T., Balk, L., Liewenborg, B., & Andersen, O. K. (2000). PAH metabolites in bile, cyto-
chrome P4501A and DNA adducts as environmental risk parameters for chronic oil exposure: a labo-
ratory experiment with Atlantic cod. Aquatic Toxicology, 51, 241-258.

Allen, A. A., Schlueter, R. S., & Mikoloj, P. G. (1970). Natural oil seepage at Coal Oil Point, Santa Barbara,
California. Science, 170,974-977.

Ariese, F., Kok, S. J., Verkaik, M., Gooijer, C., Velthorst, N. H., & Hofstraat, J. W. (1993). Synchronous
fluorescence spectrometry of fish bile: a rapid screening method for the biomonitoring of PAH expo-
sure. Aquatic Toxicology, 26, 273-286.

Aring, E., & Sen, A. (1999). Hepatic cytochrome P4501A and 7-ethoxyrcsorufin O-deethylase induction in
mullet and common sole as an indicator of toxic organic pollution in Izmir Bay, Turkey. Marine Envi-
ronmental Research, 48(2), 147-160.

Beyer, J., Sandvik, M., Hylland, K., Fjeld, E., Egaas, E., Aas, E., et al. (1996). Contaminant accumulation
and biomarker responses in flounder (Platichthys flesus L.) and Atlantic cod (Gadus morhua L.)
exposed by caging to polluted sediments in Sofrjorden, Norway. Aquatic Toxicology, 36, 75-98.

Blumer, M., & Sass, J. (1972). Indigenous and petroleum-derived hydrocarbons in a polluted sediment.
Marine Pollution Bulletin, 3(6), 92-94.



464 C. Seruto et al. | Marine Environmental Research 60 (2005) 454-465

Brown, D. W., McCain, B. B, et al. (1998). Status, correlations and temporal trends of chemical contami-
nants in fish and sediment from selected sites on the Pacific coast of the USA. Marine Pollution Bulle-
tin, 37(1-2), 67-85.

Casillas, E., Mistiano, D. A., Johnson, L. L., Rhodes, L. D., Collier, T. K., Stein, J. E., et al. (1991). Induc-
ibility of spawning and reproductive success of female English sole (Parophrys vetulus) from urban and
nonurban areas of Puget Sound, Washington. Marine Environmental Research, 31,99-122.

Collier, T. K., Meador, J. P., et al. (2002). Fish tissue and sediment effects thresholds for polychlorinated
biphenyls, polycyclic aromatic hydrocarbons, and tributyltin. Aquatic Conservation — Marine and
Freshwater Ecosystems, 12(5), 489-492.

Collier, T. K., Stein, J. E., Sanborn, H. R., Hom, T., Myers, M. S., & Varanasi, U. (1992). Field studies of
reproductive success in English sole (Parophrys vetulus): correlations with bioindicators of maternal
contaminant exposure. Science of the Total Environment, 116, 169-185.

Evanson, M., & Van der Kraak, G. J. (2001). Stimulatory effects of selected PAHs on testosterone produc-
tion in goldfish and rainbow trout and possible mechanisms of action. Comparative Biochemistry and
Physiology C — Toxicology & Pharmacology, 130(2), 249-258.

French, B. L., Reichert, W. L., Hom, T., Nishimoto, M., Sanborn, H. R., & Stein, J. E. (1996). Associations
between metabolites of aromatic compounds in bile and the occurrence of hepatic lesions in English
sole (Parophrys vetulus) from Puget Sound, Washington. Archives of Environmental Contamination
Toxicology, 15, 61-67.

Incardona, J. P, Collier, T. K., & Scholz, N. L. (2004). Defects in cardiac function precede morphological
abnormalities in fish embryos exposed to polycyclic aromatic hydrocarbons. Toxicology and Applied
Pharmacology, 196, 191-205.

Johnson, L. L., Casillas, E., Collier, T. K., McCain, B. B., & Varanasi, U. (1988). Contaminant effects on
ovarian development in English sole (Parophrys vetulus) from Puget Sound, Washington. Canadian
Journal of Fisheries and Aquatic Sciences, 45,2133-2146.

Johnson, L. L., Casillas, E., Collier, T. K., Stein, J. E., & Varanasi, U. (1993). Contaminant effects on repro-
ductive success in selected benthic fish. Marine Environmental Research, 35, 165-170.

Johnson, L. L., Sol, S. Y., Lomax, D. P., Nelson, G. M., Sloan, C. A., & Casillas, E. (1997). Fecundity and
egg weight in English sole (Pleuronectes vetulus) from Puges Sound, WA: influence of nutritional status
and chemical contaminants. Fish Bulletin, 95, 231-249.

Johnson, L. L., Sol, S. Y., Ylitalo, G. M., Hom, T., French, B., Olson, O. P., et al. (1999). Reproductive
injury in English Sole (Pleuronectes vetulus) from the Hylebos Waterway, Commencement Bay, Wash-
ington. Journal of Aquatic Ecosystem Stress and Recovery, 6, 289-310.

Kirby, M. F., Matthiessen, P., et al. (1999). Hepatic EROD activity in flounder (Platichthys flesus)
as an indicator of contaminant exposure in English estuaries. Marine Pollution Bulletin, 38(8),
676-686.

Krahn, M. M., Rhodes, L. D., Myers, M. S., Moore, L. K., MacLeod, W. D., & Malins, D. C. (1986). Asso-
ciations between metabolites of aromatic compounds in bile and the occurrence of hepatic lesions in
English sole (Parophrys vetulus) from Puget Sound, Washington. Archives of Environmental Contami-
nation Toxicology, 15, 61-67.

Law, R.J. (2000). The analysis of polycyclic aromatic hydrocarbons in marine samples. International Jour-
nal of Environment and Pollution, 13(1-6), 262-283.

Miller, H. C., Mills, G. N, et al. (1999). Induction of cytochrome P4501A (CYP1A) in Trematomus ber-
nacchii as an indicator of environmental pollution in Antarctica: assessment by quantitative RT-PCR.
Aquatic Toxicology, 44(3), 183-193.

Monteiro, P. R. R., Reis-Henriques, M. A, et al. (2000). Plasma steroid levels in female flounder (Platich-
thys flesus) after chronic dietary exposure to single polycyclic aromatic hydrocarbons. Marine Environ-
mental Research, 49(5), 453-467.

Myers, M. S, Johnson, L. L., et al. (1998). Toxicopathic hepatic lesions in subadult English sole (Pleuronec-
tes vetulus) from Puget Sound, Washington, USA: relationships with other biomarkers of contaminant
exposure. Marine Environmental Research, 45(1), 47-67.

Myers, M. S., Johnson, L. L., et al. (2003). Establishing the causal relationship between polycyclic aromatic
hydrocarbon (PAH) exposure and hepatic neoplasms and neoplasia-related liver lesions in English sole
(Pleuronectes vetulus). Human and Ecological Risk Assessment, 9(1), 67-94.



C. Seruto et al. | Marine Environmental Research 60 (2005) 454-465 465

Petersen, G. I, & Kristensen, P. (1998). Bioaccumulation of lipophilic substances in fish early life stages.
Environmental Toxicology and Chemistry, 17(7), 1385-1395.

Reed, W. E., Kaplan, I. R, Sandstrom, M., & Mankiewicz, P. (1977). Petroleum and anthropogenic influ-
ence on the composition of sediments from the Southern California Bight. In Proceedings 1977 oil spill
conference (pp. 183-188). Washington, DC: American Petroleum Institute.

Roy, L. A., Steinert, S., et al. (2003). Biochemical effects of petroleum exposure in hornyhead turbot (Pleu-
ronichthys verticalis) exposed to a gradient of sediments collected from a natural petroleum seep in CA,
USA. Aquatic Toxicology, 65(2), 159-169.

Simoneit, B. R. T., & Kaplan, I. R. (1980). Triterpenoids as molecular indicators of paleo seepage in recent
sediments of the Southern California Bight. Marine Envrionmental Research, 3,113-128.

Spies, R. B, Davis, P. H., & Stuerner, D. H. (1980). Ecology of a petroleum seep off the California coast. In
R. Geyer (Ed.), Marine environmental pollution (pp. 229-263). Amsterdam: Elsevier.

Spies, R. B., Stegeman, J. J., Hinton, D. E., Woodin, B., Smolowitz, R., Okihiro, M., et al. (1996). Biomark-
ers of hydrocarbon exposure and sublethal effects in embiotocid fishes from a natural petroleum seep
in the Santa Barbara Channel. Aquatic Toxicology, 34, 195-2109.

Stegeman, J. J., & Hahn, M. E. (1994). Biochemistry and molecular biology of monooxygenases: current
perspectives on forms, functions, and regulation of cytochrome P450 in aquatic species. In D. C.
Malins & G. K. Ostrander (Eds.), Aquatic toxicology: molecular, biochemical, and cellular perspectives
(pp- 87-206). Boca Raton, FL: Lewis Publishers.

USEPA (1996). Test methods for evaluating solid waste, physicallchemical methods, SW-846, proposed
update II (3rd ed.). Office of Solid Waste and Emergency Response, Washington, DC, USA.

Teles, M., Pacheco, M., et al. (2003). Anguilla anguilla L. liver ethoxyresorufin O-deethylation, glutathione
S-tranferase, erythrocytic nuclear abnormalities, and endocrine responses to naphthalene and beta-
naphthoflavone. Ecotoxicology and Environmental Safety, 55(1), 98-107.

Wijayaratne, R. D., & Means, J. C. (1984). Sorption of polycyclic aromatic hydrocarbons by natural estua-
rine colloids. Marine Environmental Research, 11, 77-89.

Willett, K. L., Wassenberg, D. M., Lienesch, L., Reichert, W. L., & Di Giulio, R. T. (2001). In vivo and in
vitro inhibition of CYP1A-dependent activity in Fundulus heteroclitus by the polynuclear aromatic
hydrocarbon fluoranthene. Toxicology and Applied Pharmacology, 177, 264-271.



	Evaluation of the relationships between biochemical endpoints of PAH exposure and physiological endpoints of reproduction in male California Halibut (Paralichthys californicus) exposed to sediments from a natural oil seep
	Introduction
	Materials and methods
	Exposure system
	Chemical evaluation of PAHs in sediments
	Biochemical endpoint measurements
	Blood steroid analysis
	FAC analysis
	CYP1A analysis
	Statistical analysis


	Results
	Discussion
	Acknowledgements
	References


